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The Galactic Center Excess (GCE) is explained in the framework of the Next-to-Minimal
Supersymmetric Standard Model (NMSSM) with a Z3 discrete symmetry. We show that a
resonant CP-odd Higgs boson with mass twice that of the Dark Matter (DM) candidate is
favoured. Meanwhile, the DM candidate is required to have relatively large coupling with
the Z boson through its Higgsino component in order to obtain correct DM relic density.
Its LHC discovery potential via four signatures is discussed in detail. We find that the most
sensitive signals are provided by the Higgsino-like chargino and neutralino pair production
with their subsequent decays into W bosons, Z bosons, and DM. The majority of the relevant
parameter space can be probed at the Large Hadron Collider with a centre-of-mass energy
of 14 TeV and an integrated luminosity 1000 fb−1.
I. INTRODUCTION
The only current empirical evidence for the existence of Dark Matter (DM) is from gravitational
effects, for example, the rotation curves of spiral galaxies and studies of mass distributions through
gravitational lensing. However, it seems reasonable to expect that DM may have a common origin
with Standard Model (SM) matter since the ratio of the relic density of DM to the relic density of
SM matter is approximately 5 to 1, i.e., a number of order one. If the DM and SM origins were
unrelated, then there would be no reason to expect this to occur. If there is a common origin,
perhaps in some Grand Unified Theory (GUT), then it seems reasonable to expect that there may
be some non-gravitational interactions between DM and SM matter as well. There is however no
clear and broadly accepted evidence for such interactions to date. In particular, the absence of
any convincing signals in spin independent DM direct detection experiements [1, 2] has already
imposed very stringent upper limits on the couplings of DM particles to the SM particles.
DM can also be searched for through indirect signals arising from DM-DM annihilation into
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2SM particles in regions of high DM density. Such decays would potentially lead to anomalies in
the energy spectra of gamma rays, anti-protons, electrons, positrons and so on, where an anomaly
would be something that could not be understood in terms of known astrophysical sources. A
recent analysis of the Fermi Gamma-Ray Space Telescope data [3], has shown a significant excess
of gamma rays from the Galactic Center (GC). This GC Excess (GCE) in the range of ∼ [1, 3]
GeV can be fitted very well by a 31-40 GeV DM particle annihilating into bb¯ with an annihilation
cross section of 〈σv〉 = (1.4 ∼ 2.0)× 10−26 cm3/s, or a 7-10 GeV DM particle annihilating into τ τ¯
with similar cross section. Potential explanations of the GCE have been studied extensively using
both model-dependent and model-independent approaches [4–34].
It is well-known that supersymmetry (SUSY) provides a natural solution to the gauge hierarchy
problem in the SM and, in addition, SUSY leads to improved gauge coupling unification. Further-
more, with the assumption of R-parity conservation the lightest supersymmetric particle (LSP)
such as the neutralino is stable and so is a good cold DM candidate. In short, SUSY is one of the
most promising candidates for new physics beyond the SM. However, the Minimal SSM (MSSM) is
challenged by the discovery of the 125 GeV Higgs boson [35, 36] due to the so-called little hierarchy
problem concerning the fine tuning at the electroweak scale. In the Next-to-MSSM (NMSSM) [37],
the SM-like Higgs boson mass can be lifted by both tree-level coupling and the mixing with a
lighter singlet [38–48]. Thus, one can naturally obtain a relatively heavy Higgs boson. Moreover,
the NMSSM has the advantage of also solving the µ problem in the MSSM, where the electroweak
scale µ can naturally be generated by a singlet vacuum expectation value (VEV) at O(100) GeV.
In this paper, we demonstrate another merit of the NMSSM, which is the potential to explain the
GCE elegantly through a light singlet-like CP-odd Higgs.
Several studies of the GCE have been undertaken in the context of the NMSSM. DM pairs can
annihilate into bb¯ or τ τ¯ via t-channel bottom squark or tau slepton exchange [18]. This process is,
however, highly constrained by sparticles searches at LEP and LHC, by SM precision measurements
as well as by DM direct detection searches. If the singlet-like scalar/pseudoscalar in the NMSSM
is lighter than the DM particle, the DM pair annihilating into those new Higgs bosons that in turn
have a dominant decay into bottom quarks [12, 49] will be able to give a promising fit to the gamma
ray spectrum. This explanation requires an appropriate relationship between the final state Higgs
boson mass and its coupling to DM and this can typically be realized within the general NMSSM
framework. However, in the Z3 NMSSM we find that the DM mass, the singlet scalar/pseudoscalar
mass and their couplings are correlated and so there is less freedom to achieve this. We will briefly
illustrate these difficulties concerning the Z3 NMSSM later. A more promising channel is the
3s-channel pseudoscalar mediated annihilation [19, 22, 28]. The annihilation cross section of this
process can receive a Breit-Wigner enhancement when the pseudoscalar mass is approximately
twice the DM mass where the resulting process is not suppressed by small DM velocity. We will
focus on this scenario in this work [88]. A right-hand sneutrino DM particle in the NMSSM can
also provide a possible explanation of the GCE through its annihilation into bottom quark pair [50]
or CP-even/CP-odd Higgs bosons pair [51], while fulfilling other experimental constraints, however
these studies are considerably more involved and we will not consider them further in this work.
The CERN Large Hadron Collider (LHC) is vigorously continuing its searches for evidence of
SUSY. The current searches have the ability to exclude electroweakinos with masses below ∼ 700
GeV [52]. The next run of LHC at a centre-of-mass energy of 14 TeV will start in 2015. If SUSY
is not found in this next run, then it will provide much higher lower-mass bounds on all SUSY
particles. Thus, whether or not we can probe the above NMSSM scenario at the 14 TeV LHC is
an interesting question. On the one hand, DM is expected to have relatively large annihilation
cross section to SM particles in order to reproduce both the correct DM relic density and the GCE.
Hence, the inverse process may help to produce significant numbers of DM pairs at the LHC if
the DM mass is not too large. On the other hand, the GCE scenarios in the NMSSM generically
have light Higgsinos as well. So, probing the existence of a relatively light Higgsino can become a
smoking gun for an explanation of the GCE in the NMSSM. We conclude that it will be difficult
to search for the direct DM pair production with a mono-jet signature, whereas most of the viable
parameter space is discoverable at 14 TeV LHC with 1000 fb−1 of data by searching for WZ+DM
final states decaying from Higgsinos.
This paper is organised as follows. In Section II, based on the analysis in Ref. [3], we briefly
introduce the gamma ray flux measurement at the galactic centre. We study in detail the ac-
commodation of the GCE in the NMSSM in Section III. In Section IV, we discuss some potential
signatures and the discovery potential of the s-channel A1 mediated annihilation scenario at the
LHC. In particular, we investigate the required data sample necessary to fully explore the viable
parameter space. Finally, we summarize and present our conclusion in Section V.
II. DARK MATTER ANNIHILATION AND GCE
Indirect detection, which focuses on DM annihilation into SM particle final states, is an impor-
tant method to search for non-gravitational evidence of DM. The galactic centre is expected to have
a relatively large DM number density due to gravitational effects and so is the most promising place
4for dark matter indirect detection. Gamma ray signals of DM annihilation have advantages over
the other indirect searches such as those involving anti-protons, positrons, and electrons, as gamma
rays are neither deflected by magnetic fields nor do they lose energy during their propagation.
The gamma-ray flux produced from DM annihilation near the galactic centre and then detected
near the Earth is given by
dΦ
dEγ
=
1
4pi
〈σv〉
2m2DM
dNγ
dEγ
∫
4Ω
〈J〉dΩ′ , (1)
where
〈J〉 =
∫
los
ρ2(r)dl (2)
is the so-called J-factor which encapsulates the dark matter distribution integrated over a solid
angle 4Ω along the line-of-sight (los) and where dNγ/dEγ is the gamma-ray spectrum dependent
on the properties of the final states of the DM annihilation and their kinematical features. Here,
ρ(r) is the assumed density distribution of the galactic DM halo.
The Milky Way’s DM density distribution is assumed to be approximately spherically symmetric
and hence can be approximately described as a function ρ(r) of distance r from the Galactic
Center. The NFW (Einasto and Navarro, Frenk and White) profile [53, 54] provides good fits to
DM numerical simulations and is given by
ρ(r) = ρ0(
r
rs
)−γ [1 + (
r
rs
)]γ−3 , (3)
where the scale parameter rs, the density parameter ρ0 and the central slope parameter γ charac-
terise the DM halo. The canonical NFW value of the central slope parameter is γ = 1. We follow
Ref [3] who use a scale parameter of rs = 20 kph and choose ρ0 so as to give a dark matter density
around the Sun of ρ(rsun) = 0.3 GeV cm
−3, where the distance of the Sun from the Galactic Centre
is rsun = 8.5 kpc. This reference allows γ to be a free parameter and obtains a best fit value of
γ = 1.26. For those DM indirect detections which focus on the Galactic Center the uncertainty of
ρ2(r) can become extremely large very close to the center.
The J-factor can be rewritten as follows
J =
∫
db
∫
dl
∫
ds cos bρ(r)2 , (4)
in which r = (s2 + r2s − 2srs cos l cos b)1/2 is the Galactocentric distance, and (l, b) are respectively
the longitude and latitude angles. Ref. [3] considered the gamma spectra within a 5◦ × 5◦ region
around Galactic Center. s is the line of sight distance which has to be integrated over.
5The last and most important factor, the annihilation cross section 〈σv〉, affects both indirect
detection and DM relic density predictions, is a model dependent variable. The relic density is
approximately given by
Ωh2 =
mχnχ
ρc
' 3× 10
−27cm3s−1
〈σv〉 . (5)
At the freeze-out v ∼ 0.1, one usually needs an annihilation cross section around 1 pb to produce
the correct relic density Ωh2 ' 0.1 [55]. The analysis of Ref [3] showed that if the DM annihilates
only into bb¯ final states with v ∼ 10−3, one would need 〈σv〉 ' 2.2× 10−26 cm3s−1 to produce the
observed Gamma Ray Excess. Surprisingly, such annihilation cross sections can almost lead to the
observed relic density. In the non-relativistic limit, the annihilation cross section can be written as
〈σv〉 = a+O(bv2). If a single process is used to explain the relic density and GCE simultaneously,
the a term should be non-vanishing and dominate the 〈σv〉.
III. GCE IN THE NMSSM
In this Section, we will apply the Galactic Center gamma-ray Excess to a phenomenological
NMSSM with a Z3 discrete symmetry. The corresponding superpotential is [37]
WNMSSM = huHˆuQˆUˆ
c
R + hdHˆdQˆDˆ
c
R + heHˆdLˆEˆ
c
R + λSˆHˆuHˆd +
κ
3
Sˆ3 , (6)
where Qˆ, Uˆ cR, Dˆ
c
R, Lˆ, Eˆ
c
R, Hˆu, Hˆd are the superfields for quark doublet, right-handed up-type
quark, right-handed down-type quark, lepton doublet, right-handed charged lepton, up-type Higgs
doublet, and down-type Higgs doublet respectively.
Because of the absence of sparticles with mass equal to their SM partners, SUSY has to be
broken at a high energy scale in the hidden sector, and then the breaking effects are transmitted to
the observable sector. The low energy supersymmetry breaking soft terms such as gaugino masses,
scalar masses, and trilinear soft terms are
−Lsoft =1
2
(
M3g˜g˜ +M2W˜W˜ +M1B˜B˜
)
+m2Hu |Hu|2 +m2Hd |Hd|2 +m2S |S|2 +m2Q|Q2|+m2U |U2R|
+m2D|D2R|+m2L|L2|+m2E |E2R|
+ (huAuQHuU
c
R − hdAdQHdDcR − heAeLHdEcR
+ λAλHuHdS +
1
3
κAκS
3 + h.c.) , (7)
where g˜, W˜ , and B˜ are gluino, Wino, and Bino respectively.
6The NMSSM has five neutralinos (χ˜0i ), which are the mass eigenstates of mixings among
B˜, W˜ , H˜0d , H˜
0
u, and S˜. Following the convention of Ref. [37], we give the mass matrix for the
neutralino sector in Appendix A. Because of the extra singlet in the NMSSM, the neutral Higgs
sector is also expanded. There are 3 CP-even Higgs (Hi) and 2 CP-odd Higgs (Ai), both of which
are mixed among Hd, Hu and S gauge eigenstates. We find it more convenient to discuss the CP-
even and CP-odd Higgs mass matrixes in the Goldstone basis [56], Si, (i = 1, 2, 3) and Pi, (i = 1, 2).
Their mass matrixes are presented in Appendix A as well for later discussion.
Now, we are ready to discuss the feasibility of the scenarios that could fulfil the observation
of the Galactic Center Gamma-ray Excess in the NMSSM, while remaining consistent with other
experimental results.
A. s-Channel A1 Resonant Annihilation
As has been studied in Ref. [3], when DM annihilates directly into bb¯, we need the DM to have
mass mDM ∼ 35 GeV and 〈σv〉|v→0 ∼ 2×10−26 cm3/s to produce the observed GCE. Interestingly,
the bb¯ final state is commonly favoured due to its relatively larger Yukawa coupling if the s-channel
annihilation is mediated by a relatively light Higgs boson. However, the Higgs boson mediator can
not be CP-even primarily because of the following two reasons:
• Annihilation which is mediated by an s-channel CP-even Higgs is suppressed by small DM
velocity. As discussed in Section II, in this case, the dark matter will annihilate much faster
at early times than it does today. So 〈σv〉|v→0 ∼ 2 × 10−26 cm3/s will lead to a very small
relic density; and
• The CP-even Higgs boson can also mediate spin-independent DM interactions with SM
matter and give a direct detection signal, which has a current bound as low as 10−9 pb [1].
This makes it very difficult to achieve a signal consistent with the GCE while satisfying the
direct detection constraints.
In principle, the CP-odd Higgs boson can be a very good s-channel mediator candidate. Firstly,
there is no velocity suppression in its annihilation. A fermion-antifermion pair with momentum [57]
kµ1 = (E1,
−→
k ) = (
√
m2DM +
−→
k 2,
−→
k ), (8)
kµ2 = (E2,−
−→
k ) = (
√
m2DM +
−→
k 2,−−→k ), (9)
7have the corresponding spinors
u(k1) =
(
k1·σ+mDM√
2(k01+mDM )
ζ1
k1·σ+mDM√
2(k01+mDM )
ζ1
)T
, (10)
v(k2) =
(
k2·σ+mDM√
2(k02+mDM )
ζ2
k2·σ+mDM√
2(k02+mDM )
ζ2
)T
. (11)
The matrix element of dark matter annihilation with a pseudoscalar vertex uγ5vA is
uγ5v = − 1√
(E1 +mDM )(E2 +mDM )
[(E1 +mDM )(E2 +mDM ) +
−→
k 2](ζ†1ζ2) , (12)
where the first term is dominant and does not suffer from any velocity suppression.
Secondly, the interaction of DM and nucleon through t-channel CP-odd Higgs is spin dependent.
For the same vertex uγ5uA the matrix element of the direct detection process is
u(p1)γ
5u(p2) =
1√
(p01 +mDM )(p
0
2 +mDM )
ξ†1[(p
0
2 +mDM )(
−→p1 · −→σ )− (p01 +mDM )(−→p2 · −→σ )]
∼ 2(p1 − p2)i(ξ†1Sˆiξ2) , (13)
which only gives a spin-dependent amplitude. So, the stringent bound from spin-independent direct
detection experimental searches does not apply.
However, in a realistic NMSSM treatment, there are additional constraints that should be
considered. In order to have a relatively large DM annihilation cross section, the CP-odd Higgs
boson can not be too heavy. Also, its couplings to the SM particles should be suppressed to evade
the current collider searches. Interestingly, a light singlet-like CP-odd Higgs (A1) can meet the
need. As a result, we will assume a light singlet superfield in our model. Also, it is natural to
require that our DM be singlino dominant [89]. Its mass is approximately mχ˜01 ∼ 2κs, which means
κ
λ
=
mχ˜01
2µeff
. 35
200
, (14)
where the second inequality is from the non-discovery of any chargino at the LEP experiment [58].
The requirement of having no Landau pole all of the way up to the GUT scale imposes the
requirement that √
λ2 + κ2 . 0.5 , (15)
which indicates that κ can only be . 0.1. The requirement of A1 being singlet-like leads to a
suppression of the A1bb¯ coupling, although it might be enhanced with the choice of a relatively
large tanβ. So both vertexes of A1bb¯ and A1χ˜
0
1χ˜
0
1 are suppressed and typically it is not possible
to get the correct right relic density as well as a signal consistent with the GCE with such small
8couplings. However, a resonant enhancement can resolve this problem: when the total invariant
mass of the initial states is close to the A1 mass, the total annihilation cross section is enhanced
by a Breit-Wigner factor
R(s) =
1
(s−M2A)2 + Γ2AM2A
. (16)
The cross section of such process is given by
〈σv〉 = 3
8pi
√√√√1− m2b
m2
χ˜01
κ2CA1dm
4
b tan
2 β
(s−m2A1)2 + Γ2A1m2A1
. (17)
Thus, we need to require the mass of the CP-odd Higgs A1 to be approximately 70 GeV to
reproduce the GCE signal. A problem still exists if we want to accommodate the relic density
simultaneously. At the early stage of the Universe when DM is frozen out, the temperature of the
Universe is around mχ˜01/20 [59]. So, the energy of the DM is slightly higher at freeze-out than
today. The Breit-Wigner factor is very sensitive to the initial energy around the mediator mass.
The 〈σv〉|v→0 ∼ 2× 10−26 cm3/s today will lead to an over abundance of relic DM because of the
reduction of resonant enhancement. To resolve this we can increase the annihilation cross section
at freeze-out by including a small Higgsino component in the DM, which will give an additional
contribution from the s-channel Z boson exchange. From Eqs. (45) and (46), we need small µ to
get relatively large Higgsino components in DM. Moreover, the coupling between DM and the Z
boson is proportional to tanβ. So, a relatively large tanβ is required in our model as well. As will
be shown numerically later, a Zχ˜01χ˜
0
1 coupling that can give the correct DM relic density can still
be consistent with the constraints on Z boson invisible decays. The coupling between the DM and
Higgs boson is enhanced by large λ and, furthermore, the H˜d component in DM is increased by
large tanβ. So HSM may have considerable decay branching ratio to DM in this scenario.
Following the above arguments, we have found a viable DM scenario which can explain the relic
density and GCE, and is consistent with DM direct searches. Similar scenarios for singlino/Higgsino
mixing DM have been studied in [22]. In their analysis, however, some experimental constraints,
such as constraints on Higgs invisible decay, are overlooked. We will present a concrete model below
which satisfies all of the current experimental constraints. Moreover, we have different conclusions
regarding the Bino/Higgsino mixing case and, as we will comment on later, the resonant DM
annihilation enhancement can still be applied. Before we present our the numerical scan, let
us study the parameter space more carefully to understand the correlations among the NMSSM
parameters.
9The singlet tends to be lighter than the SM Higgs boson. Since the measurements of HSM are
likely to be consistent with the SM couplings, the mixing between the Hu/Hd doublets and singlet
should be suppressed in most cases. So we can arrive at an approximate value for Aλ, as shown in
Eq. (49). Also, in the CP-even Higgs matrix, the M2A is enhanced by a factor of 1/sin
22β, which
will increase greatly with large tanβ. So, we can safely decouple S1 component in the CP-even
Higgs matrix and the P1 component in the CP-odd Higgs matrix in the following discussions. Then
from the CP-odd Higgs boson mass matrix in Eq. (50) we obtain
M2A1 ' −3Aκ
κµ
λ
+
λ2v2
2µ
s2β(Aλ +
4κµ
λ
) ' −3Aκ
mχ˜01
2
+ λ2v2(1 +
sin 2βmχ˜01
2µ
) , (18)
where we have substituted Eq. (49) and mχ˜01 ∼ 2κs. Note that when mχ˜01 ∼ 35 GeV, µ & 100
GeV, and tanβ is large, the second term in the bracket of Eq. (18) can be ignored. As a result, Aκ
is approximately fixed to the value
Aκ =
2(λ2v2 −M2A1)
3mχ˜01
. (19)
Another possible problem is the Higgs invisible decay. Although the direct bound on the SM-
like Higgs invisible decay is still very weak, Br(Hinv) . 75% [60], the current Higgs coupling
measurement requires that the Higgs signal strength to the SM particles be around 1. Because
in most of our models, there is no additional Higgs production mechanism, the Higgs invisible
decay branching ratio is thus highly constrained indirectly. The main contribution to the vertex
H2χ˜
0
1χ˜
0
1 is the superpotential term W = λSHuHd and the corresponding coupling for H2χ˜
0
1χ˜
0
1 is
proportional to Cχ˜01d
λ√
2
, where Cχ˜01d is the H˜d component in the DM χ˜
0
1. Hence we find
ΓH2→χ˜01χ˜01 =
(1/4m2H2 −mχ˜01)
3
2
pim2H2
× λ2C2χ˜01d . (20)
Thus, the Higgs invisible decay is enhanced by large λ and Cχ˜01d.
Let us summarize the results that we have so far:
• The s-channel mediator of DM annihilation should be a singlet-like CP-odd Higgs boson,
whose mass is around 2×mDM. This will fix the Aκ parameter;
• The singlino dominant DM should have a small Higgsino component, which requires a small
µ and large tanβ. Interestingly, natural SUSY requires a small µ as well;
• The purity of the HSM can be fulfilled by setting an appropriate Aλ; and
• The Higgs invisible decay limit needs to be carefully accounted for.
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We use the NMSSMtools [61–63] software to survey the viable parameter space in the NMSSM
at the electroweak scale. The DM relic density and the DM direct and indirect detection rates
are calculated using micrOMEGAs [64–66]. We apply the following constraints implicitly for our
study:
• Theoretical constraints including converged RGE running, no tachyons, no Landau pole
below the GUT scale, a physical global minimal and so on;
• Limits from the Higgs and sparticle searches at the LEP and Tevatron experiments;
• B physics constraints;
• Limits on the Z boson invisible decay width;
• The SM Higgs mass lies in the range of [123, 128] GeV and its signal strengths for all channels
are lies in range of [0.8, 1.2] of the SM values; and
• The requirement of a good dark matter candidate that has the properties 0.09 < Ωh2 < 0.12,
σSI < 1× 10−9 pb, and 0.5× 10−26cm3/s < 〈σv〉 < 5× 10−26cm3/s.
Within the scenario that we have proposed, to further simplify our scanning, we decouple the
irrelevant sparticles by choosing
M1 = 1 TeV,M2 = 2 TeV,M3 = 3 TeV,mL = mE = 1 TeV ,
Ae = 0 TeV,mQ2 = 2 TeV,mQ3 = 1.5 TeV,mU2 = mD2 = 3 TeV ,
mU3 = 1.5 TeV,mD3 = 2.5 TeV, Ab = 0 TeV . (21)
We scan the remaining parameters in the following ranges
λ : [0.35, 0.65], κ : [30, 45]× λ
2µ
, tanβ : [10, 40] ,
µ : [100, 600] GeV, Aκ : [−100, 100] GeV ,
Aλ = 2µ/ sin 2β − 2κµ/λ, At = µ/ tanβ +
√
6× 1500 . (22)
Our numerical results are shown in Fig. 1. The DM annihilation today is greatly enhanced by
the A1 resonance, especially in the region mA1/2mχ˜01 & 0.98. However, the relic density is relatively
large in the resonant region mA1/2mχ˜01 → 1, which is mainly because of the reduced Breit-Wigner
factor due to the large DM energy at freezing out.
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FIG. 1: All the points in figures satisfy the constraints that mentioned in the Section III. The corresponding
x-axis and y-axis as well as color coding are given in each panel.
From the upper right panel of Fig. 1, we conclude that the annihilation of DM is still dominated
by the κ coupling for A1χ˜
0
1χ˜
0
1, even though the κ is preferably more than one order of magnitude
smaller than λ
λCχ˜01,dCχ˜01,dCA1,s  κC
2
χ˜01,s
CA1,s . (23)
From the figure, we also find that the coupling between the A1 and the bottom quarks is indeed
suppressed by it small Hd component.
On the other hand, the invisible decay of the SM-like Higgs boson HSM is dominated by the
large λ coupling, as shown in the lower left panel of Fig. 1. Thus, we need the smallness of H˜d
component in χ˜01 to suppress the coupling between the dark matter and SM-like Higgs boson. Note
that because of Eq. (14), DM mass will decrease when increasing λ. The smaller Higgs invisible
decay branching ratio usually means the heavier dark matter mass.
As we have emphasized before, the Higgsino component in the DM is very important to achieve
the correct DM relic density. That is why one usually needs relatively small µ and large tanβ in
this scenario. As shown in the lower right panel of Fig. 1, we find µ preferably lies in the range
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of [200, 600] GeV, which gives us a handle to discovery this scenario at the LHC, by searching for
relatively light Higgsinos. We will present more extensive study in the next Section. Fig. 2 shows
Higgsino-like neutralino decay branching ratios, in which both χ˜02 and χ˜
0
3 have very large decay
branching ratios to Zχ˜01 and HSMχ˜
0
1. And their decays to lighter Higgs bosons, which usually have
branching ratios smaller than 10%, are suppressed by the large singlet component.
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FIG. 2: All the points in figures satisfy the constraints that mentioned in the Section III. Left: Decay
branching ratios for χ˜02. Right: Decay branching ratios for χ˜
0
3.
In order to have a better understanding of this scenario, we present a benchmark point in
Table I. From this table, the ratios of the DM annihilation into bb¯ and e+e− at freeze out are quite
λ κ tanβ µ Aλ Aκ
0.557 0.033 25.72 313.2 8029.5 9.51
At mA1 mH1 mH2 mχ˜01 mχ˜02
3686.4 72.1 65.3 124.9 36.4 332.1
mχ˜±1
χ˜01χ˜
0
1→bb¯
χ˜01χ˜
0
1→e+e− |Freeze Out Ωh
2 〈σv〉|v→0(cm3/s) σSI(cm2) Br(H2 → χ˜01χ˜01)
319.6 5.5 0.11 2.25× 10−26 6.34× 10−50 3.9%
Br(χ˜02 → Zχ˜01) Br(χ˜02 → H2χ˜01) Br(χ˜02 → H1χ˜01) Br(χ˜03 → Zχ˜01) Br(χ˜03 → H2χ˜01) Br(χ˜03 → H1χ˜01)
41.8% 46.3 % 8.8% 59.7% 28.7% 5.4%
TABLE I: The benchmark point for s-Channel A1-resonant annihilation, which satisfies all the constraints
mentioned in the text and whose other soft parameters are given in Eq. (21). All mass parameters are in
units of GeV.
similar to the decay branching ratios of Z boson. So we conclude that the DM annihilations are
indeed dominated by the Z boson exchange in the early universe, while in the present universe the
Z boson contributions suffer from both p-wave suppression and from being away from resonance
pole. For this benchmark point, 90% of the DM annihilates into bb¯. Following the same analysis as
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in Ref. [3], we calculate the gamma ray spectrum for this benchmark point by using micrOMEGAs,
which is given in Fig. 3. Thus, it can fit the observed GCE very well.
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FIG. 3: The gamma-ray spectra of two benchmark points in Tables I and II. The generalised NFW halo
profile with an inner slope of γ = 1.26 is chosen. And the angle distance from the Galactic Center is 5◦.
Finally, let us briefly discuss the scenario where the DM is Bino dominant. In this case there
is no constraint on the singlino mass so that κ becomes a free parameter and so there is not much
difference between this and the singlino LSP scenario. In order to annihilate Bino-dominated DM
effectively, we still need the A1 resonant enhancement. A relatively large Higgsino component is
needed to realize the correct DM relic density as well. As a result, except for the singlet state,
the rest of the model properties are quite similar to the above singlino LSP scenario. We give a
benchmark point in Table II. For this benchmark point, because the singlet is heavy, the lightest
CP-even Higgs boson is SM-like and its invisible decay to DM is dominated by gauge coupling.
The lightest CP-odd Higgs boson is singlet-like, with its proper mass mA1 ∼ 2×mχ˜01 achieved by
tuning Aκ. Moreover, the light Higgsino states decay in a manner similar to that in the singlino
LSP scenario, where the decays are dominated by Zχ˜01 and HSMχ˜
0
1 final states.
B. Hidden Sector Dark Matter in the NMSSM
In this subsection, we will briefly comment on another possible explanation of GCE within the
Z3 NMSSM, where DM with mass mχ˜01 ∼ 67 GeV can predominantly annihilate into H1 and A1.
Both H1 and A1 are singlet-like while having small fractions of Hd component. Then H1 and A1
mainly decay into bb¯ because of the relatively large bottom quark Yukawa coupling. In this case,
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λ κ tanβ µ Aλ Aκ
0.173 0.558 30.23 175.5 4220.2 0.56
At mA1 mH1 M1 mχ˜01 mχ˜02
3234.1 76.75 124.1 41.9 38.3 184.8
mχ˜±1
Ωh2 〈σv〉|v→0(cm3/s) σSI(cm2) Br(H1 → χ˜01χ˜01) Br(A1 → bb¯)
179.7 0.118 2.38× 10−26 3.84× 10−46 15% 90%
Br(χ˜02 → Zχ˜01) Br(χ˜02 → H1χ˜01) Br(χ˜02 → A1χ˜01) Br(χ˜03 → Zχ˜01) Br(χ˜03 → H1χ˜01) Br(χ˜03 → A1χ˜01)
52.7% 45.8% 1.5% 90% 8.2% 1.8%
TABLE II: The benchmark point with Bino-like DM, which satisfies all the constraints mentioned in the
text and whose other soft parameters are given in Eq. (21). All mass parameters are in units of GeV.
we can not employ the resonant enhancement. So, DM can only be singlet-like and a very large
coupling of the singlet state κ is required. The singlet mass mχ ' 2κλµ implies
κ
λ
=
mχ˜01
2µeff
. 67
200
. (24)
The DM direct detection experiments also give strong constraints on the DM-nucleon scattering
cross section. The main contributions to direct detection come from H1 and H2 mediated t-channel
processes:
σSI '
κ2µ2
χ˜01N
m2Nf
2
N
4piv2
(
CH1u
m2H1
+
CH2s
m2H2
)2 , (25)
where fN =
∑
q=u,d,s fTq +
2
9fTG ' 0.348± 0.015 [67], CH1u and CH2s are the Hu component in H1
and singlet component in H2 respectively. To obtain a small spin-independent cross section, σSI ,
it is necessary to have a quite small mixing between H0u and S due to
C2H1u ' σSI
4piv2m4H1
0.12f2N
(
0.1
κ
)2 < 0.004 . (26)
To suppress the singlet component in the SM-like H2, we use the condition Aλ = 2µ/ sin 2β−2κµ/λ.
Moreover, from Eq. (24) and the Landau pole condition λ2 + κ2 . 0.5, we have
|κ| .
√√√√1
2
(
m2
χ˜01
m2
χ˜01
+ 4µ2
) . (27)
On the other hand, the cross section of dark matter annihilation into H1 and A1 is expected to
be
〈σv〉 ' κ
4
4pim2
χ˜01
|−→P3|
mχ˜01
(
4m2
χ˜01
+m2A1 −m2H1
4m2
χ˜01
−m2A1 −m2H1
−
m2
χ˜01
−Aκmχ˜01
4m2
χ˜01
−m2A1
)2 , (28)
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in which |−→P3| =
√
E2A1 −mA1 , and EA1 =
√
4m2χ+m
2
A1
−m2H1
4mχ
. As a result, the annihilation cross
section is highly constrained by Eq. (27).
Following the same strategy as above, we survey the parameter space in the low energy NMSSM.
We choose the same irrelevant soft terms as Eq. (21) and the ranges for the DM related parameters
as follows
λ : [0.35, 0.65], κ : −[50, 100]× λ
2µ
, tanβ : [1, 40]
µ : [100, 500] GeV, Aκ : [−100, 100] GeV (29)
Aλ = 2µ/ sin 2β − 2κµ/λ, At = µ/ tanβ +
√
6× 1500 ,
where a negative κ is taken to reduce the SM-like Higgs invisible decay into A1A1.
As shown in the left panel of Fig. 4, the LUX experiment constrains |κ| to be no larger than
0.12. This will lead to the DM annihilation cross section smaller than ∼ 1.2× 10−26cm3/s. From
the right panel of the figure, we conclude that there is no great tension between the DM density
and DM annihilation rate. However, a heavier DM tends to have a relatively large annihilation
rate because of large |κ|.
κ
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FIG. 4: Left: The recent direct detection LUX experiment gives a strong constraint. Because the larger κ
means larger σSI , it is difficult to get a big 〈σv〉 and 〈σv〉 > 1.5 × 10−26 cm3/s has been excluded by the
LUX results. Right: All the points satisfy the constraints mentioned in the last two figures, so we can find
an upper limit on 〈σv〉.
We present a benchmark point for this scenario in Table III. This case usually has very small µ
and relatively large |κ|. The spin-independent DM-nucleon cross section is close to the exclusion
limit, while the annihilation cross section only reaches 1.22× 10−26cm3/s.
In short, the GCE in this scenario is constrained by the Landau pole condition and the DM
direct search limits. It is difficult to have the DM annihilation cross section as large as expected,
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λ κ tanβ µ Aλ Aκ
0.374 -0.113 26.09 143.82 3846.26 39.716
At mA1 mH1 mH2 mχ˜01 mχ˜02
3679.7 43.9 86.9 125.9 70.43 153.3
mχ˜±1
Ωh2 〈σv〉|v→0(cm3/s) σSI(cm2) Br(H2 → A1A1) Br(H1 → bb¯)
147.3 0.1026 1.22× 10−26 9.43× 10−46 4.5% 89.6%
Br(χ˜02 → Zχ˜01) Br(χ˜02 → H2χ˜01) Br(χ˜02 → A1χ˜01) Br(χ˜03 → Zχ˜01) Br(χ˜03 → H2χ˜01) Br(χ˜03 → H1χ˜01)
0% 0 % 96.3% 62.3% 0% 29.96%
TABLE III: The benchmark point for hidden sector DM scenario. which satisfies all the constraints
mentioned in the text. Also, the other soft parameters are given in Eq. (21). All mass parameters are in
units of GeV.
2.2×10−26 cm3/s. Nonetheless, the situation changes if we take into account the large uncertainty
in background analysis [68, 69], where the allowed annihilation rate can vary in a large range
∼ [0.4, 4.5]× 10−26 cm3/s. We will not consider this case further in this work.
IV. DISCOVERY POTENTIAL AT THE LHC
We have shown that the s-channel A1 mediated annihilation with singlino dominant DM is the
most promising scenario and so we will restrict our attention to its discovery potential at the LHC.
For this scenario, we have a light Higgs sector and a light singlino and Higgsino. The pseudoscalar,
even though relatively light, is nearly pure singlet as shown in Fig. 1. So, it will be very difficult to
produce it at the hadron collider. Moreover, we find it is very difficult to produce the pseudoscalar
from the SM-like Higgs mediated processes and neutralino decays as well. The deviation of the
coupling and invisible decay of the SM-like Higgs boson may also provide a smoking gun for this
scenario. On the one hand, both the measurement accuracy of couplings that can be reached at
the LHC [70] and the constraint on Higgs invisible decay [60] are very weak. On the other hand,
and more importantly, the Higgs couplings and its invisible decay width vary in a large range in
our scan, with many of the models having very SM-like couplings and suppressed invisible decay
width, as indicated in Fig. 1. So, those signatures should not be able to provide very promising
signals in the full parameter space of the scenario. However, in the electroweakino sector, there are
two remarkable signatures for the viable NMSSM with GCE. The first one is that the DM particle
has a relatively large Higgsino component and a moderately large coupling to the Z boson which
guarantee the correct DM relic density. So, a natural thought will be the direct production of DM
pair at the LHC through s-channel Z boson exchange. The second signature is the existence of a
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relatively light Higgsino together with ∼ 35 GeV DM, whose dominant decay modes are
H˜± →W±χ˜01, (30)
H˜01,2 → Zχ˜01/Hχ˜01 . (31)
The decay branching ratios are given in Fig. 2. We shall discuss each signature in detail in the
following.
A. Dark Matter Production versus Mono-jet
If only one DM pair is produced at a hadron collider, it will not leave any information inside
the detector. One way to probe this process is through a hard initial state radiation (ISR) jet,
which is recoiling against the DM pair. As result, the signal presents a large unbalanced transverse
energy. At the LHC, the CMS Collaboration has carried out a mono-jet search [71] with a data
set of 20 fb−1. Their analysis shows that the current stage of the LHC is only sensitive to signals
with pT (ISR) > 280, 340, 450 GeV that have cross section greater than about 100, 30, 10 fb,
respectively.
For our process, even though the direct production is relatively large (∼10 pb) because of the
small DM mass, the production rate of the mono-jet signal is quite low. This is because, as has
been studied in Ref. [72], the spectrum of the radiated jet mainly depends on the mass scale of
the final states. In our case, because the DM mass is very small (∼ 35 GeV) the production of an
energetic ISR jet is suppressed. From the left panel of Fig. 5, we conclude that the pT spectrum
of the ISR jet drops very quickly and only ∼ 1/10−4 of the events have pT (ISR) > 250 GeV.
The situation will improve very much in the next run of the LHC at 14 TeV. We show the cross
section for the allowed models with different cuts on the leading ISR jet and the corresponding
CMS exclusion bounds in the right panel of Fig. 5.
The production cross section drops by about four orders of magnitude after we require the
leading ISR to have pT > 280 GeV. So the signal is around two orders of magnitude smaller than
the current bound. The sensitivity will not become better for harder cuts on the leading ISR jet.
So, we may conclude that it will be very difficult to probe the GCE NMSSM through mono-jet
signatures at the LHC, even at the 14 TeV upgraded LHC.
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FIG. 5: Left: the pT spectrum of the leading ISR jet for 35.5 GeV DM pair production at LHC. Right: the
cross section in the models for the GCE with corresponding cuts on the leading ISR jet as indicated in the
figure. The horizontal lines are the experimental bounds on cross sections for three categories of the models.
B. Searching the Di-Higgs Final State
The detection of Higgs boson pair production is not only important for the potential to reveal
new physics but also important for testing the SM itself. A signature of our models is that the
Higgs particles can be pair produced by neutral Higgsino pair production with subsequently decay
into Higgs and DM with large branching ratios as shown in Fig. 2.
At the LHC, the neutral Higgsino pair is mainly produce through s-channel Z boson exchange.
As a result, the production cross section is dominated by the coupling between the Z boson and
Higgsino pair
Zµχ˜
0
i χ˜
0
j =
ie
2sW cW
γµ((Z∗i4Z
∗
j4 − Z∗i3Z∗j3)PL + (Z∗j4Z∗i4 − Z∗j3Z∗i3)PR) , (32)
where Nij is the neutralino mixing matrix. We show the mixing factor (Z
∗
i4Z
∗
j4 − Z∗i3Z∗j3) for the
different combinations in the left panel of Fig. 6. From this figure, we know that in our case, the
dominant production of neutral Higgsino pair is χ˜02χ˜
0
3, i.e., the pair with different masses.
In Ref. [73], the CMS Collaboration has also tried to search for the di-Higgs signal from Higgsino
decay. Because there is only a small excess in the observed number of events, a very loose bound
is obtained as shown by the red line in the right panel of Fig. 6. The green points in the same
figure show the corresponding cross sections of our signal processes. Our models are far beyond
the reach of a di-Higgs analysis based on the current data base.
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FIG. 6: Left: the mixing factor of Z coupling to each pair of neutral Higgsinos. Right: the cross section
for the signal models and exclusion bound by the CMS Collaboration.
C. Electroweakino Searches at 14 TeV LHC
In this subsection, we will study two traditional but much more sensitive channels
χ˜02,3χ˜
±
1 → HSMχ˜01 +W±χ˜01 , (33)
χ˜02,3χ˜
±
1 → Zχ˜01 +W±χ˜01 . (34)
In fact, these two channels also give rise to the most stringent bounds on Winos at 8 TeV LHC
searches. For WH final states [74], the Wino has been excluded for masses up to ∼ 300 GeV for
mχ˜01 ∼ 35 GeV. For WZ final states [75], all Wino masses below 420 GeV for mχ˜01 ∼ 35 GeV are
excluded. As in our case, the production rates of the chargino and neutralino pairs are suppressed
due to the mixing between Higgsino states. Moreover, the required final states are suppressed by
their decay branching ratios. Thus, in order to get improved sensitivities to the NMSSM model
with GCE, we have to consider the 14 TeV LHC.
1. WH Channel
The ATLAS analysis in Ref. [74], where the W boson decays leptonically while the Higgs boson
decays to bb¯, gives the strongest bound for the WH channel at the current stage of LHC. Because
the ATLAS search had interest in neutralino and chargino mass regions similar to ours, we choose
to use those discriminate variables in their paper to separate the signal and backgrounds. We
follow their analysis at 8 TeV and attempt to extrapolate to 14 TeV, where some minor changes
are applied in order to optimize the search. There have been some other studies [76, 77] of the
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WH channel at the 14 TeV LHC, which used similar cuts. However, their results are either based
on a specific model or on simplified models and we were unable to directly apply their studies in
our analysis. Refs. [78, 79] also studied the WH channel with H decaying to various final states,
however the sensitivities of the other final states considered were not much improved compared to
the dominant bb¯l± + EmissT because of their suppressed branching ratios. A very recent ATLAS
analysis [80] considered the γγl and same-sign di-lepton final states as well. Their results showed
that the strongest expected exclusion limit for heavy electroweakino region (∼ 200 GeV) is from
bb¯l± final states. Here, our cuts are chosen as below:
• Exactly one lepton with pT > 25 GeV;
• There should be no more than 3 jets in the event;
• The leading two jets should be b-tagged and their invariant mass is in the range [105, 135]
GeV. Furthermore, the contransverse mass of the two b-jets
m2CT = (E
b1
T + E
b2
T )
2 − |pb1T − pb2T |2 (35)
is larger than 160 GeV;
• To remove the W+ jets background, the transverse mass of the lepton and missing transverse
momentum
mT =
√
2plepT E
miss
T − 2plepT · pmissT (36)
is required to be larger than 130 GeV since our Higgsinos tend to be heavier than 200 GeV;
and
• We define two signal regions SRA and SRB for different masses of Higgsino which correspond
to EmissT > 100 and E
miss
T > 245, respectively. We find that the SRB is more sensitive for
Higgsino mass greater than 300 GeV.
The dominant backgrounds for our analyses are tt¯, single top, and Wbb¯. We generate those
backgrounds by MadGraph5 [81], where Pythia6 [82] and Delphes 3.1.2 [83] have been used to
implement parton shower and detector simulation. The tt¯ is generated up to two additional jets,
where the MLM matching adopted in MadGraph5 is used to avoid double counting between matrix
element and parton shower. All three single top production modes (t-channel, s-channel and tW
process) are considered in our generation. We use the default ALTAS setup for detector simulation.
Their cross sections before and after the cuts for both signal regions are shown in Table IV.
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σ(14 TeV)/pb SRA/fb SRB/fb
tt¯ 877.2 0.39 2.3× 10−2
single top 318.5 0.064 3.2× 10−3
Wbb¯ 128 0.0096 6.4× 10−4
TABLE IV: The background cross sections before and after the cuts for each signal region.
As for the cut efficiency of signal processes s, because we have DM mass ∼ 35 GeV and Higgsino
mass in the range [200, 600] GeV, we generate the process of χ˜02χ˜
±
1 pair production with subsequent
decays χ˜±1 → W±χ˜01 and χ˜02 → HSMχ˜01 in Madgraph5 as well. The step size for Higgsino mass is
chosen as 20 GeV.
After obtaining the cut efficiency for the signal events, we can estimate the exclusion bound
according to
σ ∼ S√
B
=
σss√
σbb
×
√
L , (37)
where σbb is given in Table IV and L is the luminosity. The corresponding 3-σ exclusion limit for
the WH final state is shown as red curve in the left panel of Fig. 7.
The production cross section of the signal process for each of our NMSSM models is calculated
by passing the SLHA [84] output that is generated from NMSSMtools into Madgraph5. We assume
a K-factor of 1.2 for all those models.
Taking the resulting cross sections of the signal processes, we project our models to the exclusion
plane that we have obtained before. The results are given in Fig. 7 from which we conclude that
only a small amount of our models can be detected at 14 TeV LHC with luminosity 3000 fb−1.
The relatively weak exclusion limit is mainly because of the low cut efficiency of the signal events.
We find the reduction of efficiency is dominated by the requirement of “exactly two b-jets and one
lepton in the final state”, which reduces the number of signal events by about 2 order of magnitude.
This can be roughly estimated by Br(W → lν) × Br(h → bb¯) × 2b tag ∼ 5 × 10−2. In a realistic
detector, the efficiency turns out to be further suppressed. Furthermore, relatively strong cuts
are imposed on missing transverse energy (EmissT > 245 GeV), contransverse mass (MCT > 160
GeV) and transverse mass (MT > 130 GeV) in order to suppress the Z+jets/diboson, tt¯ and W
backgrounds respectively. As a result, each of these cuts removes more than half of the events.
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FIG. 7: Left: the production cross section of WH final states and its corresponding exclusion limit at
14 TeV LHC with luminosity 3000 fb−1. Right: the production cross sections of WZ final states and
their corresponding exclusion limits at 14 TeV LHC with luminosities 500 fb−1, 1000 fb−1 and 3000 fb−1,
respectively.
2. WZ Channel
The searches for both 3-lepton final states [52, 85] and 2-lepton + jets [75] give very strong
bound on these decay modes of chargino and neutralio pair productions. The current bound is
actually given by the combination of these two searches. Even though the tri-lepton search is more
sensitive to lighter chargino and neutralino region, the 2-lepton + jets is slightly better at higher
mass region. Thus, in this subsection, we will re-produce the SR-Zjets analysis in Ref. [75] and
extrapolate it to 14 TeV LHC with a few optimizations. The cuts chosen by ATLAS Collaboration
are listed as follows:
• Exact two opposite sign same flavor (OSSF) leptons are required. Also, these two leptons
should have pT (l1) > 35 GeV and pT (l2) > 20 GeV, respectively;
• Because the OSSF lepton pair is from a moderately boosted Z boson decay, two additional
cuts on leptons are imposed: 81.2 GeV < mll < 101.2 GeV, and pT (ll) > 80 GeV. In
addition, the angular separation between two leptons must satisfy 0.3 < ∆R(ll) < 1.5;
• There should be no b-jet, τ -jet and forward jet in the event;
• The two highest-pT central jets must have pT > 45 GeV. They are expected from W boson
decay and then satisfy the invariant mass range 50 GeV < mjj < 100 GeV; and
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• A cut on Emiss,relT is applied: Emiss,relT > 80 GeV, where
Emiss,relT =
 EmissT , if ∆φl,j ≥ pi/2EmissT ×∆φl,j , if ∆φl,j < pi/2 , (38)
where ∆φ is the azimuthal angle between the direction of pmissT and that of the nearest lepton
or jet.
The dominant backgrounds are the leptonic decay of W±W∓, the leptonic decay of W±Z where
the lepton from W decay is not reconstructed, and ZZ with one of the Z bosons decaying into
charged leptons while the other decays into neutrinos. All those backgrounds are generated with
up to two additional jets by Madgraph5 using a procedure similar to that described above. In this
case, the cross section before and after the cuts are given in Table V.
σ(14 TeV)/pb SR/fb
W±W∓+jets 124.3 0.029
W+Z+jets 31.5 0.028
W−Z+jets 20.32 0.012
ZZ+jets 17.72 0.13
TABLE V: The background cross sections before and after the cuts for WZ final state.
The signal process for the WZ final state is generated similarly to what was done for the WH
process. The expected 3-σ exclusion limits for 14 TeV LHC with luminosities 500 fb−1, 1000 fb−1,
and 3000 fb−1 are given in the right panel of Fig. 7. From the figure, we find the sensitivity for the
WZ channel is much better than that for the WH channel, especially in the low mass region of
the Higgsino. At 14 TeV with 500 fb−1 from the LHC, the NMSSM models with Higgsino lighter
than ∼ 370 GeV may be excluded.
V. CONCLUSION
We have discussed possible scenarios in the NMSSM with a discrete Z3 symmetry that may be
able to explain the Galactic Centre Excess (GCE). It turns out that the s-channel A1 resonant
annihilation into bb¯, is the most promising scenario for realization of the the gamma-ray excess.
In this scenario, even though the GCE is produced by the A1 resonant annihilation, the DM
annihilation at freeze-out is mainly contributed to by the s-channel Z boson exchange process. In
order to get the correct DM relic density, the coupling between the Z boson and DM is enhanced
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by a relatively large Higgsino component in the DM and large tanβ. We also briefly comment
on the hidden sector dark matter scenario, in which DM is annihilating into a singlet Higgs pair.
The subsequent decays of these Higgs bosons into b quarks are able to produce the observed GCE
signal. However, in the NMSSM each of the DM mass, the DM coupling with Higgs bosons, and
the Higgsino mass are highly correlated. We need a relatively large singlino dominant DM mass of
∼ 76 GeV and a larger superpotential coupling κ to successfully reproduce the GCE signal. As a
result, the DM annihilation cross section is bounded from above by DM direct detection. So, the
GCE can only be approximately fitted in hidden sector DM scenario.
The s-channel A1 resonant process is the most promising channel to explain the GCE in the
NMSSM. We have studied its LHC phenomenology for the parameter space consistent with an
explanation of the GCE. For this purpose we have considered the discovery potential of four
promising signatures in detail. Firstly, we considered DM pair production which recoils against a
hard initial state radiation (ISR) jet. Because the energy spectrum of the ISR jet is suppressed by
the small DM mass, the production rate of the required signal event is two orders of magnitude
smaller than currently available sensitivity. The situation will not become significantly better for
the next higher-energy phase of the LHC. Secondly, we considered the pair production of neutral
Higgsinos that subsequently decay into a Higgs pair. This channel, despite its interesting features,
is two orders of magnitude smaller than current sensitivity as well. Thirdly, we considered two
traditional channels which consist of chargino and neutralino pair production with subsequent
decays into WH+DMs and WZ+DMs, respectively. By extrapolating the two most sensitive
analyses of the ATLAS Collaboration, we found that for the LHC with 14 TeV energy: (a) for
the WH channel part of the model space for the first scenario is discoverable with an integrated
luminosity of 3000 fb−1; and (b) for the WZ channel most of the model space is discoverable and
only requires 500 fb−1 of integrated luminosity.
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A. NEUTRALINO AND HIGGS MASS MATRICES
We use the convention in Ref. [37]
tanβ =
vu
vd
, (39)
µeff = λvs, (40)
M2A =
2λvs
sin2β
(Aλ + κvs), (41)
v =
√
v2u + v
2
d = 174 GeV , (42)
where vd, vu, and s are the VEVs of Hd, Hu, and S, respectively. The symmetric neutralino mass
matrix in the (B˜, W˜ , H˜d, H˜u, S˜) basis can be written as follows
M0 =

M1 0 −g1vd√2
g1vu√
2
0
M2
g2vd√
2
−g2vu√
2
0
0 −µeff −λvu
0 −λvd
2κs

. (43)
The lightest neutralino is the mixing of gauge eigenstates
χ˜01 = N11B˜ +N12W˜ +N13H˜u +N14H˜d +N15S˜, (44)
and its mass approximately is mχ˜01 ∼ 2κs if it is singlino-like. In the 2κ/λ 1 limit, the Higgsino
components of the χ˜01 can be estimated as below [22]
N13
N15
=
λv
µ2 −m2
χ˜01
cβ(tβ mχ˜01 − µ), (45)
N14
N15
=
−λv
µ2 −m2
χ˜01
sβ(µ−
mχ˜01
tβ
) , (46)
where we have used cβ, sβ, and tβ for cosβ, sinβ, and tanβ, respectively.
The 3× 3 symmetric CP-even Higgs boson mass matrix in the (S1, S2, S3) basis [56] is
M2S =

M2A + s
2
2β(m
2
Z − λ2v2) s2βc2β(m2Z − λ2v2) − λvc2β(Aλ + 2κµλ )
c22βm
2
Z + λ
2v2s22β 2λv(µ− sβcβ(Aλ + 2κµλ ))
s2β
2
λ2v2
µ Aλ +
κµ
λ (Aκ + 4
κµ
λ )
 . (47)
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In the case of very light singlet, the singlet component of the SM Higgs HSM can be suppressed by
requiring
(M2S)23 ' 0. (48)
The Eq. (48) can be used to determine the approximation value of Aλ as follows
Aλ ' 2µ
s2β
− 2κµ
λ
. (49)
Finally, we give the simplest 2× 2 symmetric CP-odd Higgs mass matrix in the (P1, P2) basis
M2P =
M2A λv(Aλ − 2κµλ )
−3κµAκλ + λ
2v2
2µ s2β(Aλ +
4κµ
λ )
 . (50)
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